The light-induced drift (LID) of rubidium was demonstrated by using two diode lasers for the pumping and re-pumping of rubidium atoms. The isotope composition ratio for 85 Rb and 87 Rb was estimated by measuring the absorption spectrum of the rubidium vapor.
Introduction
Light-induced drift (LID) occurs when optically absorbing atoms immersed in buffer gas are velocity-selectively excited. 1) Because the excited state atoms have generally a different diffusion cross section from the ground state atoms, the atoms can gain a net drift velocity. The direction of the drift depends on the laser frequency. Since one can control the movement of specific isotopes by properly tuning the laser frequency, the use of the LID effect is a useful and promising method of isotope separation.
The LID has been reported for sodium [2] [3] [4] [5] [6] [7] and rubidium [8] [9] [10] atoms. In most of experiments, wavelength tunable lasers such as dye and Ti:sapphire lasers have been used. However, diode lasers are very attractive due to the compactness and low price especially for the practical application of the LID for isotope separation. Efficient separation of Rb has been reported using a diode laser. 11) In the experiment, a particularly selected diode laser, of which the relaxation sideband frequency was approximately equal to the ground-state hyperfine splitting of rubidium atom, was used. Accordingly, optical hyperfine pumping that induces irreversible accumulation of non-contributing atoms to the LID was greatly reduced resulting in the enhancement of the LID. The control of relaxation sideband frequency, however, is practically difficult. Thus, application of a laser source of which frequency is precisely controllable is required for the achievement of reliable and practical LID.
In this paper, we demonstrated the LID by using two diode lasers for the pumping and re-pumping of rubidium atoms. Each frequency of the diode lasers was precisely controlled by fine adjustment of the laser current and the temperature. The confirmation of the isotope separation and the isotope composition ratio of 85 Rb and 87 Rb were performed by observing absorption spectrum of rubidium vopor.
Experimental
A scheme of the experimental set-up is shown in Fig. 1 . The separation cell was made of a glass tube of 12 mm in diameter and of 200 mm long. Metallic rubidium located in a branch of the separation cell was heated up to 350 K for generating rubidium vopor.
The direction of the LID is controllable by properly tuning the frequency of a pump laser. For example, when the laser frequency is tuned to lower frequency with respect to the resonance frequency of 85 Rb, the direction of the drift will be the same with that of the laser beam. Consequently, isotope separation is possible because the resonance frequency of 85 Rb is different from that of 87 Rb. In this experiment, commercial high power (HPD: HPD1010) and low power (Sharp: GH0781RA) diode lasers were used for pumping and re-pumping, respectively. Both the diode lasers oscillate at the wavelength of 780.0 nm and their wavelengths were finely tuned by controlling both the diode temperature and the laser current. The diode laser power for the re-pumping was 80 mW with the linewidth of about 30 MHz. By contrast, the diode laser for the pumping had the same linewidth but higher power of 200 mW, which was obtained by the amplification using an injection-locking technique.
12) The frequency of the re-pump laser was tuned to the resonance frequency of the 85 Rb (F ¼ 2) in order to bring back the atoms fallen down to F ¼ 2 level because the LID is efficiently induced by repeated cycling of 85 Rb atoms between the ground (F ¼ 3) and excited states (F 0 ¼ 2, 3 and 4). It should be noted that the isotope separation of 87 Rb is possible in the same way as described above for 85 Rb except that the frequencies of the pump and re-pump lasers should be tuned to the 87 Rb (F ¼ 2) and 87 Rb (F ¼ 1) transition line, respectively.
The separation cell was filled with krypton gas at the pressure of 533 Pa and laser beams were incident from the left-hand side of the separation cell. The isotope composition ratio was estimated by measuring the absorption spectrum of the rubidium vapor using a probe diode laser beam with the linewidth of about 30 MHz and by monitoring the transmitted laser power as shown in Fig. 1 . A function generator was used to modulate the probe laser current to change the frequency. Figure 2 shows photographs of fluorescence images of the rubidium vapor in the separation cell filled with krypton gas. By tuning the pump laser frequency to higher frequency by about 500 MHz with respect to the resonance frequency of 85 Rb (F ¼ 3) (blue shift), a rectangular shaped fluorescent region was recognized in the left-hand side of the separation cell as shown in Fig. 2(a) . Although the laser beam with sufficient power has passed the right-hand side of the cell, which was similarly filled with both the rubidium vopor and the buffer gas, bright fluorescence has not been observed indicating that most of 85 Rb atoms were moved to the lefthand side of the cell due to the LID effect. This is a typical phenomenon of the LID. The krypton gas pressure of 533 Pa was determined because the maximum fluorescence intensity was obtained at this pressure. In this case, atoms moving to the right-hand side with the velocity, of which the Doppler shift corresponded to the laser frequency, were velocityselectively excited and suffered from stronger damping due to the collision with buffer gas. Accordingly, the rubidium vopor drifted to the direction opposite to that of the laser beam. Thus, we refer this case 'pull' in the following. When the laser frequency was tuned to lower frequency (red shift), the position of fluorescent area was changed to the right-hand side as shown in Fig. 2(b) because the atoms moving to the left-hand side were selectively damped. This case is referred 'push'. In the following, isotope ratio is estimated by measuring absorption spectrum of rubidium vopor. Figure 3 shows the absorption spectra of rubidium vapor observed in the separation cell without buffer gas. In this case, the LID is not expected because of the absence of the buffer gas. The absorption spectrum shown in the solid line had four peaks corresponding to two ground levels of each isotope. Although the determination of absolute value of the frequency is difficult, the relative frequency is estimated from the distance between the peaks. Therefore, the frequency in the horizontal axis is represented in relative unit. Four peaks in the absorption spectrum were fitted with the Gaussian function because the absorption spectrum of gas is mainly contributed by the Doppler broadening with the Gaussian function. As shown in the figure, the fitting curves indicated by dotted lines were in excellent agreement with the observed curves (solid line). Because the widths of all peaks were almost the same (about 1 GHz), relative peak heights estimated were assumed to correspond to the composition ratio. The results were 72.1% and 27.9% for 85 Rb and 87 Rb, respectively. These are almost the same with the value of natural isotope composition of 85 Rb (72.165%) and 87 Rb (27.835%). Figure 4 shows absorption spectra of rubidium vopor in the separation cell filled with the krypton gas pressure of 533 Pa. In Fig. 4(a) , the laser frequencies were tuned to the case of 'pull' of 85 Rb. Consequently, the spectrum was measured in the left-hand side of the cell. On the contrary, in Fig. 4(b) , the laser frequencies were tuned to the case of 'push' of 85 Rb and the absorption spectrum was measured in the right-hand side of the cell. Both spectra seemed to be very similar. Especially, the peaks of 87 Rb (F ¼ 2) were negligibly small. Table 1 summarizes the isotope composition ratio obtained from the absorption spectra shown in Fig. 4 with the result for the case of no LID. Though the fitting curve is not shown, the peak height was estimated by fitting each peak with the Gaussian function as described in Fig. 3 . In the cases of 'pull' of 85 Rb (Fig. 4(a) ), the ratio of 85 Rb was 93.2%. The ratio, however, decreased to 85.4% in the case of 'push' (Fig. 4(b) ). This decrease may be attributed to the pump efficiency from the ground state to exited state. We will discuss about this phenomenon in detail in the following.
Results and Discussion
It is noted that the peak height of 87 Rb (F ¼ 1) in Fig. 4(b) is relatively higher than that in Fig. 4(a) . The experimental difference between these cases was the frequency of the pump laser. In Fig. 4(b) , in order to 'push' the 85 Rb atoms to the right-hand side of the cell, the pump laser frequency was tuned to the lower side of the resonance frequency of 85 Rb (F ¼ 3) . Since the resonance frequency of 87 Rb (F ¼ 2) is close to that of 85 Rb (F ¼ 3) , a significant number of 87 Rb (F ¼ 2) atoms absorbed the pump laser light. This overlap of absorption is attributed to the decrease of the LID efficiency and the isotope ratio of 85 Rb observed in Fig. 4(b) . Moreover, this overlap induced the increase of the number of 87 Rb (F ¼ 1) atoms. A fraction of 87 Rb atoms in excited state will transit not to F ¼ 2 but to F ¼ 1 level of 87 Rb. Because there is no light corresponding to this energy level, a significant number of 87 Rb atoms are accumulated in F ¼ 1 level resulting in higher absorption peak shown in Fig. 4(b) .
The LID was observed when the pump laser frequency was tuned to excite 87 Rb (F ¼ 2) atoms as shown in Figs. 4(c) and 4(d). The pump laser frequencies were tuned to the higher and lower sides of the resonance frequency of 87 Rb (F ¼ 2) to induce 'pull' in Fig. 4 (c) and 'push' in Fig. 4(d) , respectively. In both cases, the re-pump laser frequency was tuned to the resonance frequency of 87 Rb (F ¼ 1). As expected, the height of two peaks corresponding to F ¼ 1 and F ¼ 2 levels of 87 Rb were higher than those for natural abundance. However, the isotope ratios of 87 Rb estimated were smaller than those for 85 Rb excitation. Because the natural abundance of 87 Rb is smaller than that of 85 Rb, the absorbance and hence the efficiency of the LID for 87 Rb excitation are considered to be lower. The value of 66.0% estimated for the case of 'push' (Fig. 4(d) ) was lager than that in 'pull' (Fig. 4(c) ). This is also explained by the overlap of the absorption. By contrast, for the case of 'push', the overlap is negligible and the isotope ratio was much higher. In addition, the stronger accumulation of 85 Rb atoms in F ¼ 2 level was also observed in Fig. 4(c) . It is noted that the spectra in Figs. 4(c) and 4(d) were noisier than those in Figs. 4(a) and 4(b) indicating that the absorption is weak because of lower density of Rb vapor in the separation cell. This point seems to be strange because the total density of the isotopes is expected to be constant if the system is in equilibrium. Temperature of the separation cell wall (300 K), however, is lower than that of the Rb vapor resulting in the adsorption of Rb atoms on the cell wall. In the case of 87 Rb pumping, the LID effect is smaller due to lower absorption in comparison with the case of 85 Rb pumping. Consequently, non-equilibrium in temperature may be one of reasons for lower vapor density observed in Figs. 4(c) and 4(d) . Finally, it is noted that the isotope composition ratio of 66% obtained for the case of 'push' (Fig. 4(d) ) is smaller than the value of nearly 78% reported in Ref. 11). We attribute this lower ratio to the experimental condition, especially the separation cell. In the Ref. 11), the inner wall of the cell was coated with paraffin to eliminate sticking the Rb atoms to the wall. In our experiment, special coating is not applied to avoid contamination of separated rubidium atoms. 
Conclusion
The LID of rubidium was demonstrated using two diode lasers for the pumping and re-pumping of rubidium atoms. The frequencies of both diode lasers were precisely adjusted by fine control of the laser current and temperature. The isotope composition ratio was estimated by measuring the absorption spectrum of the rubidium vapor. When the laser frequencies were tuned to induce the LID of 85 Rb atoms, the composition ratio of 85 Rb was estimated to be 93.2%. In the case of 87 Rb, the ratio was 66.0%. In this experiment, laser beams were prepared to induce the LID of a single isotope. Because another isotope has different resonant frequency, it is expected that the isotope ratio is greatly improved if the frequency of an additional pump laser is tuned to induce the LID for another isotope in the opposite direction. The development of shorter wavelength diode laser will explore the isotope separation of silicon for quantum devices based on the isotope engineering.
